Previously described animal models for Helicobacter pylori infection have been limited by cumbersome host requirements (e.g., germ-free conditions or unusual species) or are applicable to only special subsets of H. pylori strains (e.g., fresh clinical isolates or animal-adapted derivatives). Here, we report that 5-to 6-day-old outbred CD-1 (ICR) suckling mice support 24-h colonization of all H. pylori strains tested (SS1, 26695 SmR-1, 43504 SmR-1, and G27 SmR-1), including lab-passaged strains that cannot be adapted for colonization of adult animals. Total colony-forming units (cfu) recovered from infection with lab-passaged strains did not differ from those with mouse-adapted SS1. We also tested this model's ability to detect colonization defects in strains carrying mutations in known virulence genes by coinfecting with wild-type H. pylori and measuring differential recovery. This competition assay identified colonization defects in several classes of known attenuated mutants, including those defective in acid resistance (ureA), metabolism ( frdA), motility (motB), and chemotaxis (cheY). A mutant defective in copA (copper transporting P-type ATPase) is nonattenuated in adult and infant mice. Possibly because of the limited duration of infection, our model did not identify defects in vacuolating cytotoxin (vacA) or ␥-glutamyltranspeptidase (ggt) as attenuating, in contrast to results from other animal models. We also identified a new virulence gene (HP0507) encoding a conserved hypothetical protein, which is important for colonization in our model. The suckling mouse model offers a rapid method to identify colonization defects in any H. pylori strain and may have utility as a new tool for studying immunity to primary infection.
T
he bacterial pathogen Helicobacter pylori chronically colonizes the gastric mucosa of humans. After decades of exposure to this microbe, humans suffer increased risk for various gastrointestinal (GI) pathologies including GI ulcers, gastritis, and gastric cancer (1, 2) . Accordingly, there has been much interest in modeling H. pylori GI colonization in experimental animals in which prophylactic measures, such as vaccines and drug therapies, can be evaluated. Several animal models for H. pylori infection have been developed, including nonhuman primates (3), gnotobiotic piglets (4), beagle dogs (5), Mongolian gerbils (6), guinea pigs (7), rats (8) , and mice (9, 10) . In general, these animals only support colonization by special H. pylori strains (fresh clinical isolates or animal-adapted derivatives). Some clinical isolates spontaneously colonize certain animal species in high numbers, whereas other strains initially do not, although a hypercolonizing derivative can be selected through an adaptation process (10, 11) . Transgenic mice expressing the Lewis-b blood group antigen are capable of being colonized by H. pylori without prior animal adaptation, provided the bacteria express the BabA adhesin (12) . To a greater or lesser degree, all of these animal models exhibit progression to a disease that mimics human H. pylori-associated pathology and thus are useful for studying chronic infection, gastric inflammation and injury, and host immune responses.
Despite the usefulness of these models, strain restriction has hindered progress in studying H. pylori pathogenesis. The most widely used animal model involves infection of adult mice with the mouse-adapted strain SS1, which consistently produces chronic disease. Unfortunately, SS1 also exhibits spontaneous loss of infectivity, is notoriously difficult to manipulate genetically, and its genome has not been sequenced. Moreover, because only fresh clinical isolates have been reported to colonize adult animals, several lab-passaged strains that are well characterized and͞or easily manipulated genetically have not been usable for animal studies. The piglet-adapted strain 26695 is appealing because its genomic DNA sequence was recently reported (13) ; however, it cannot be adapted to infect mice, a more convenient and less expensive animal model with better host genetics and immunological tools.
As H. pylori is a highly heterogeneous species, there is clearly a need for a model that can be used to study and compare all strains. Comparison of H. pylori genomes has revealed substantial diversity (14) , including differences in vacA alleles (15) , cag pathogenicity island status, and restriction-modification systems (16) . Interpretation of animal results by using different uncharacterized strains is therefore difficult; conflicting reports in the literature may be because of the use of mutants made in different backgrounds.
Furthermore, the exclusive study of strains that have been selected for their ability to colonize animals chronically may result in an incomplete or inaccurate picture of H. pylori host-pathogen interactions. Such selection of strain subsets might bias results toward over-emphasizing the roles of certain virulence determinants that are important to establishing chronic infection in that particular host (e.g., immune evasion, inflammation, gastric injury). Other H. pylori factors that make critical contributions to the earliest steps in the infection process, perhaps those most important for vaccine development efforts to target, may be overlooked as a result. Finally, focusing on only animal-adapted strains is incompatible with the goal of understanding the role of strain variability in the virulence and epidemiology of this globally distributed human pathogen.
Here, we report the use of 5-to 6-day-old suckling infant mice to assay H. pylori colonization in a short-term infection. We show that infant mice are permissive for colonization by all H. pylori strains tested, including lab-passaged strains, which are not adaptable for chronic infection of adult animals. Moreover, our assay shows no significant difference in recovery between the mouse-adapted strain SS1 and any other tested strains. We validate the model by demonstrating that it can identify colonization defects for known attenuating mutations. Furthermore, we identify a virulence gene that previously has not been tested in animals. Although short-term colonization has its limitations, the infant mouse model is capable of identifying genes critical for early establishment of infection, and it is an affordable, convenient system for rapidly screening large numbers of mutants. Furthermore, by allowing use of any strain, this model promises to provide a means to study subtle properties that vary between strains but may have critical influences on the success of this organism as a human pathogen. In liquid culture for mouse experiments, TVACSm was used for G27 SmR-1, VABN for AH244 and G27, and TVAC for all other strains. Bacteria were incubated at 37°C in an atmosphere containing 5% O 2 , 10% CO 2 , and 85% N 2 . See Table 1 for a list and descriptions of H. pylori strains used in this study.
Materials and Methods
Vibrio cholerae O395-Sm WT and Tcp2, infant mouse colonization-defective (20) , were grown in LB containing 100 g͞ml Sm at 37°C. Escherichia coli DH10B (GIBCO͞BRL) was used for propagation of plasmids and was grown in LB containing 50 g͞ml Km, 20 g͞ml Cm, and͞or 100 g͞ml ampicillin as appropriate.
Plasmid Construction and Generation of Mutants. H. pylori mutants ggt::kan and HP0507::kan were constructed by in vitro mutagenesis as described (19) . pBAD-TOPO (Invitrogen) was used for cloning ggt by using primers ggt-F, 5Ј-CCCATAGCGTTTT-GATCAAATAAGCC-3Ј, and ggt-R, 5Ј-TCCTTGATCCGTT-GAACCATAGA-3Ј. pMON͞HP0508, which contains the 3Ј half of HP0507, was used for mutagenizing HP0507. The insert was amplified by using primers Klas-F, 5Ј-GCGCAGGGCTT-GTGGATAAAGCTAA-3Ј, and Klas-R, 5Ј-CCCCCCGCT-CACGCTCAACGCTCCC-3Ј.
The ureA, vacA, cheY, motB, and ggt mutants were confirmed as null mutants by urease assay (19) , Western blot (19) , chemotaxis assay (T. M. Andermann, Y.-T. Chen, and K. M. Ottemann, unpublished work), motility assay (K. M. Ottemann, personal communication), and ␥-glutamyltranspeptidase kit assay (Sigma), respectively. Infant Mouse Colonization Assays. H. pylori. ICR mice (5-6 day-old, Charles River Breeding Laboratories) were starved by separation from their mothers for 6 h before intragastric inoculation. H. pylori cultures were diluted from plates into 1 ml of Brucella broth layered over 5 ml per well of agar with TVAC (described above) in six-well culture dishes and shaken overnight. Bacteria were pelleted and resuspended in the same volume of Brucella broth. Gastric tube lavage was used to deliver Ϸ10 7 -10 8 organisms in a 50-100 l volume directly into the stomach. For competitions, equal quantities of mutant and wild-type (WT) were mixed. Unless otherwise indicated, stomachs were homogenized in 5 ml of Brucella broth 20-24 h postinfection (p.i.). One hundred l was plated to determine output cfus. For G27 SmR-1, homogenates were plated on TVACSm and X-Gal; for AH244 and G27, VABN was used. For competitions of G27 SmR-1 mutants, hopZ::kanlacZ G27 SmR-1 (18) was used as WT. We have determined that hopZ::kanlacZ G27 SmR-1 has a less than two-fold defect in competition with G27 SmR-1 (data not shown). Mutant and WT were distinguished by blue͞white screening after growth on plates containing X-Gal. For competitions of all other strains, ratios were determined by testing 50-150 colonies per mouse for growth on plates containing Km or Cm.
Vibrio cholerae. An overnight culture of V. cholerae was diluted 1:2,000 in LB and inoculated at Ϸ10 5 organisms (50 l volume). Twenty to twenty-four hours p.i., stomachs and small intestines were homogenized separately in 5 ml of LB. Dilutions of the homogenates were plated on LB agar containing Sm to determine cfus per animal. Protein Sequence Alignments. Protein sequences were aligned by using the CLUSTALW program (21) .
Results

Several H. pylori Strains Colonize the Infant Mouse Stomach.
We inoculated ICR infant mice intragastrically with H. pylori strains SS1, G27 SmR-1, 26695 SmR-1, and 43504 SmR-1. SmR-1 strains are spontaneous Sm r derivatives of the indicated parent strains. Eight-day-old mice did not support infection as well as 6-day-old mice. Nine-fold fewer organisms were recovered 20-24 h p.i. from 8-day-old mice compared with 6-day-old mice, even with a larger inoculation dose for the former (Fig. 1) . To maximize recoverable organisms, 5-to 6-day-old mice were used for all subsequent studies.
In contrast with other models, motility does not play a role in colonization in the absence of competition, because the nonmotile G27 SmR-1 colonized as well as motile strains SS1, 26695 SmR-1, and 43504 SmR-1 ( Table 2 ). In addition, Ottemann and Lowenthal (22) analyzed a flagellated, nonmotile mutant of SS1 and found that at high doses, it could colonize FVB͞N mice for 2 weeks. One interpretation they present is that some mouse strains are more permissive for colonization by nonmotile H. pylori. It is important to note that strains not adapted for mouse infection (G27 SmR-1, 43504 SmR-1, and 26695 SmR-1), and not capable of being adapted because of a history of lab-passaging (Table 1) , colonized as well as mouse-adapted SS1.
Microscopically, H. pylori SS1 could be detected in silverstained, paraffin-embedded tissue sections of infant mouse stomachs 24 h p.i. (data not shown). Low numbers of small (Ͻ3 m), plump, slightly curved rods were detected on the mucosal surface within deep mucosal folds. No organisms were identified within gastric pits, glandular lumens, or epithelium. Tissue did not show any evidence of inflammation. We also attempted to visualize colonization of G27 SmR-1, but no organisms could be found (data not shown). It is possible that because of its lack of motility, G27 SmR-1 does not colonize the same location and was washed away during processing of the tissue for sectioning.
H. pylori Is Better Able to Colonize the Infant Mouse Stomach than the
Intestine. Because the recovered cfus from the stomach were 3-4 logs lower than the inoculating dose, we were concerned that these organisms might represent a fraction of the inoculum that simply had not washed out of the stomach rather than organisms truly colonizing the stomach (Table 2 ). To address this issue, we tested whether V. cholerae, a bacterium known to colonize and replicate in the small intestine of infant mice, could also colonize the stomach in comparable numbers. V. cholerae O395-Sm WT was inoculated at Ϸ10 5 cfu, which is sufficient to result in colonization of the small intestine. A much lower dose of V. cholerae (compared with H. pylori) had to be used, because a dose of 10 7 is lethal to infant mice. Twenty to twenty-four hours p.i., H. pylori was recovered from stomach and intestine at Ϸ10 (Fig. 2) . There is a 3-log difference in cfus recovered from these two GI locations, which is inverted for H. pylori and V. cholerae; this result strongly suggests that these organisms colonize these sites differently. Because V. cholerae does not possess urease and is acid-sensitive, it is likely that the V. cholerae recovered from the stomach were actually present because of reflux from the intestine. We tested this possibility with strain Tcp2, a V. cholerae mutant unable to colonize the intestine, and found that this mutant was not recovered from the stomach, suggesting that clearance mechanisms (e.g., peristalsis, mucus flow) are adequate in the infant mouse to clear all noncolonizing organisms from both the stomach and upper intestine within 20-24 h.
To evaluate the progression of colonization over time in these two tissues, we compared the cfus of H. pylori recovered from the stomach vs. the small intestine (above the cecum) over time at 6-h intervals p.i. In the stomach at 6 h, there was a large drop in organisms recovered compared with the inoculation dose, but the cfus then remained steady at Ϸ10 5 between 6 and 24 h (Fig.  3) . In the small intestine, the cfus declined steadily from Ϸ10 at all time points. These results suggest that in the stomach, H. pylori are surviving and perhaps replicating, whereas in the upper intestine, they In Vivo Competition Assay Can Identify Attenuated Mutants. We used a competition assay to determine colonization of H. pylori mutants with previously described in vivo phenotypes, both attenuating and nonattenuating (Table 3) . Competitive colonization assays provide greater sensitivity in identifying mildly attenuating mutations as coinfecting with WT provides an internal reference standard. Infant mice were inoculated with roughly equal cfus of mutant and WT bacteria. Twenty to twenty-four hours p.i., organisms were recovered, and ratios of mutant to WT were determined by blue͞white screening (G27 SmR-1 strains) or growth after transferring colonies to plates containing the antibiotic to which the mutant is resistant.
Competitive indices (C.I.s) were calculated as the ratio of the number of mutants over WT recovered (output) divided by the ratio of the number of mutants over WT inoculated (input). Mutants with defects in ureA (urease subunit), frdA (fumarate reductase), cheY (chemotaxis), or motB (motility) were attenuated in this model, with C.I.s of Ͻ4.4 ϫ 10 Ϫ4 , Ͻ 4.5 ϫ 10
Ϫ4
, 0.26, and 0.33, respectively (Table 3) . These results are in agreement with published data. It has been reported that ureA (33) and frdA (17) mutants cannot be recovered from mice, and that motility mutants are defective for colonization of mice (35) , gnotobiotic piglets (31) , and Mongolian gerbils (30) . However, in our model, the motB mutant can be recovered, but competes less well in the presence of WT. We did not test the motB mutant in the absence of WT but expect that no defect would be detectable, which is the case for the spontaneously nonmotile G27 SmR-1 ( Table 2) .
Mutants defective in copA (copper transporting P-type ATPase), ggt (␥-glutamyltranspeptidase) or vacA (vacuolating cytotoxin) had C.I.s of 0.98, 0.98, and 0.93, respectively, indicating that they are fully competent for the colonization of suckling mice (Table 3 ). Our result with the copA mutant is in agreement with the report of Ge et al. (17) , which also shows no colonization defect of this same mutant in adult mice. However, in some other animal models, ggt mutants (27, 28) and vacA (25) are defective for colonization. The two proposed functions for bacterial ␥-glutamyltranspeptidase, protection against oxidative damage and de novo amino acid synthesis, may not be crucial in a short-term infection without inflammation. It was not surprising that the vacA mutant was not colonization-defective in the suckling mouse model. Some investigators have reported that vacA mutants are not attenuated (24, 26) , whereas Salama et al.
show that a vacA-associated colonization defect is apparent in competition with WT or when the mutant is administered alone at low inoculation doses (25) . We did not test lower inoculation doses in our model.
Identification of a New Virulence Gene in the Suckling Mouse Model.
During the course of assaying mutants for another study, we identified HP0507 as a gene that is important for colonization in infant mice. A mutant defective in HP0507, which encodes a conserved hypothetical protein, gave a C.I. of 0.03, indicating it is severely attenuated ( Table 3) .
In an attempt to determine a possible function for HP0507, we performed a BLASTP search against known protein sequences (36). Sequences with the highest identities were found in hypothetical proteins from Homo sapiens, Mus musculus, Campylobacter jejuni, and Drosophila melanogaster (Fig. 4) . The search also revealed a putative Nudix (nucleoside diphosphate moiety Competitive index (C.I.) ϭ (cfu muant͞cfu WT) output͞(cfu mutant͞cfu WT) input. SDs are shown. Mutants with a C.I. Ͻ0.5 are considered attenuated. NA, data not available. ϩ, colonization same as WT. ϩ͞Ϫ, colonization lower than WT. Ϫ, no colonization. *Same mutant as used in reference.
† Same phenotype as mutants used in reference(s). All other mutants have an insertion in the same gene, but in a different strain background than used in the reference(s).
X-linked) motif, which is present in a wide diversity of proteins that hydrolyze substrates composed of a nucleoside diphosphate linked to some other moiety, X (37). Nudix hydrolases are thought to function in cleansing the cell of potentially deleterious metabolites (38) . HP0507 protein and its closest homologues show partial identity to the Nudix consensus sequence (39), matching 5 of 9 consensus residues (Fig. 4) .
Discussion
The immature GI tract of infant mice permits colonization by a variety of microorganisms. For example, infant mice have been used to study V. cholerae (40) , Legionella pneumophila (41), Pseudomonas aeruginosa (42) , Neisseria meningitidis (43) , E. coli (44) , and Candida albicans (45) . It might be argued that this model is too permissive to provide useful information about virulence properties, but this concern has not proven true for V. cholerae, a pathogen for which infant mice have been used extensively. Indeed, for all strains tested so far, V. cholerae mutants that display colonization defects in the infant mouse show similar or even more severe colonization defects in volunteer human subjects (20) . Similarly, a V. cholerae strain with a mutation in a putative colonization factor but that showed no defect in the infant mouse model (46, 47) was eventually found to colonize humans normally as well (48) . Thus, infant mice provide a simple and accurate model for studying the interaction of this pathogen with the human small bowel mucosa. Based on the results presented here, infant mice also are useful for studying H. pylori, with the potential of providing a better understanding of its interaction in the human stomach. Elucidating the mechanisms of H. pylori pathogenesis has been challenging for a number of reasons. In vivo studies necessitate using certain strains that colonize well, but may not have other desirable qualities. The sequenced strain 26695 was previously known to colonize only gnotobiotic piglets, a model that is widely trusted but much less convenient than small animals such as mice. Some strains that colonize mice do not do so consistently. The most commonly used strain, SS1, infects mice consistently but is difficult to transform and can lose infectivity during routine laboratory manipulations such as passaging and electroporation (49) . Because of these difficulties, in vitro studies often are performed with the strain of choice, whereas mutants are recreated in an animal-adapted strain for in vivo studies. Because H. pylori are highly diverse, it would be beneficial to be able to use directly or compare any strain(s) in one animal model. The model we present in this article enables researchers to attain consistent infection in infant mice by using any strain of H. pylori.
In 5-to 6-day-old mice, we observed the same level of colonization in the stomach throughout most of the 24-h infection. However, no organisms could be recovered at 48 h (24 h after returning the mice to their mothers; data not shown). Also, older mice (8 days old) were less efficient at supporting colonization, with a 9-fold lower average recovery (Fig. 1) . Why older mice are more resistant to H. pylori infection is unknown, but this fact may be because of a better-developed innate immune system, more active mechanical clearance mechanisms, or the establishment of a normal flora relative to their immature counterparts. Colonization is specific for the stomach, with a steady colonization over 24 h and many fewer organisms surviving in the intestine (Figs. 2 and 3) . At 20-24 h, Ϸ10 5 organisms per 100 mg of tissue (infant mouse stomach is Ϸ10 mg) were routinely recovered (Table 2) (11) reported for infection of mouse-adapted strains in adult mice. Unlike in other models, nonmotile strains inoculated alone were able to colonize infant mice (Table 2) , although a nonmotile mutant, defective in motB, was less efficient at colonizing in competition with the isogenic WT (Table 3) . Although the infection period for this model is extremely short, we were able to demonstrate that we could identify colonization defects associated with mutations in genes of varied function, including acid resistance, central metabolism, motility, and chemotaxis, that had been shown to be attenuated in other animal models. Moreover, we used this model to identify a virulence gene, HP0507, that encodes a conserved hypothetical protein with a putative Nudix domain (Fig. 4) . Mutation of HP0507 produced a highly attenuated phenotype in infant mice (Table 3) .
Our model did not detect mutations in ggt or vacA as attenuating, perhaps because of the use of different strains from those used in published reports. Alternatively, our model may be able to identify only a subset of the mutations that would be attenuating in a chronic infection of adult animals. This idea is supported by the fact that in the case of vacA, the reported difference in infection was very subtle and only discernible when infecting with much lower doses than routinely used by most researchers (25) . Its inability to detect some mutants as attenuated may be caused by the short infection time, different resident microflora, or the limited immune system of infant mice.
Because of the brief infection period, the mutants identified will likely be those important early in the establishment of infection. With the convenience and affordability of a small animal model, the use of infant mice to study the H. pylori-host interaction should facilitate screening of mutants for severe colonization defects in the earliest stage of gastric infection. Understanding the earliest events in H. pylori colonization may be critical to the development of effective immunoprophylactic approaches to blocking initial infection. It should be noted that infant mice have been used previously to define protective immune responses by means of passively administered antibodies (50) or with antibody-secreting tumors (51) . Although these studies have focused on intestinal pathogens like V. cholerae and Salmonella typhimurium, our results suggest that infant mice also might be explored as a simple model to evaluate the specificity and class of antibodies that are most effective at preventing Fig. 4 . CLUSTALW protein sequence alignment of the Nudix motif consensus sequence with the Nudix-like domain of H. pylori HP0507 and its homologues in Homo sapiens (human), Mus musculus (mouse), Campylobacter jejuni, and Drosophila melanogaster (fruit fly). Identical residues are shaded. X, any residue; U, residues usually leucine (L), valine (V), or isoleucine (I); * , residues in consensus sequence with matches in HP0507.
